Self-assembled opal crystals (bulk silica opals and PMMA thin opal films) have been studied by atomic force microscopy (AFM) and optical spectroscopy. Reflectance and transmittance spectra (R(λ) and T (λ), respectively) as well as spectra of ellipsometric parameters Ψ(λ) and Δ(λ)demonstrate pronounced changes with changing the angle of light incidence. Diameters of spheres obtained from AFM-images correspond to those obtained from Bragg fit to the diffraction resonance dispersions. The band of light losses detected by ellipsometry at the spectral range of avoided band crossing of opal eigenmodes was assigned to the energy exchange between these modes.
Introduction
In the last decades opal crystals attracted considerable attention as nanoporous templates for the fabrication of various composite materials. Closely packed silica or poly-methyl methacrylate (PMMA) beads of self-assembled synthetic opal (see the surface image in Fig. 1 ) form the face centered cubic (FCC) lattice [4] . Since the diameters D of beads are in the range of hundreds nanometers, opals are widely used as 3-dimensional photonic crystals for the visible [1, 2, 3] .
Optical properties of 3-dimensional opal crystals are usually characterized by the angle-resolved reflectance and transmittance spectroscopy, whereas their structure is examined by scanning electronic microscopy (SEM) and atomic force microscopy (AFM). Considering the high costs of SEM equipment, the SPM methods in combination with digital processing may become prospective and competitive for express investigation of opal-based materials [5] .
Among other optical techniques, ellipsometry is designed to provide such characteristics as the refractive index n and the extinction coefficient k of the material under study. Ellipsometry determines the change in polarization of reflected (or transmitted) light from a sample by measuring two parameters Ψ and Δ that characterize the relative change in the amplitudes of the p-and 
where R p and R s are the reflection coefficients [6] . To our knowledge, only in few cases [7] [8] [9] this method was used for characterization of opal structures. In this paper, we compare the spectra of ellipsometric parameters with conventional reflectance spectra for bulk and thin film opal samples.
Experimental Procedures
Thin film opals with typical sample thickness of about 10 microns were prepared on glass substrates by noise-assisted crystallization from a diluted suspension of PMMA spheres in a vertically moving meniscus [10] . Bulk opal matrices were synthesized by sedimentation of silica beads in Central Research Technology Institute "Technomash" (Moscow) [11] . AFM images were obtained by scanning probe microscope «NanoEducator» (NT-MDT, Moscow). Angular resolved reflectance and transmittance spectra (R(λ) and T (λ), respectively) were measured under illumination by unpolarized white light from a tungsten lamp using a collimated beam. Reflected or transmitted light was recorded by USB650 Red Tide spectrometer (Ocean Optics, Inc.). To extract the refractive index and extinction spectra we used the spectroscopic ellipsometer "Ellips-1891" (Novosibirsk), working in the static photometric mode without any rotating elements or modulators [6] .
Results & Discussion
The shift of the Bragg resonance wavelength λ as a function of the angle of light incidence θ obeys the combined Bragg (2a cos β = mλ/n, where m is an integer) and Snell's (n sin β = sin θ) laws:
where a = 0.816D is the interplane distance for (111) planes of the FCC lattice and n = n ef f represents the effective refractive index of the opal. One can see the standard "blue" shift of the Bragg resonance band in reflectance spectra R(λ)of the bulk opal along the increase of the angle θ. According to our experimental results the similar shift can be observed in Ψ(λ) spectra (Fig. 2) . In the case of better ordered PMMA thin opal films [12, 13] , the dispersion of the (111) diffraction resonance deviates from the Bragg law (equation (2)) at incidence angles around θ ≈ 51 o due to multiple wave diffraction at (111) and (111) or (200) planes. One can clearly observe the avoided crossing of these Bragg resonances in the interval 45 • ≤ θ ≤ 55 • in reflectance and transmittance spectra (Fig. 3) , where it appears in the form of double peaks. The angle dependence of the (111) Bragg resonance over the broad range of angles is linear in squared coordinates λ 2 = f (sin 2 θ) with the Pearson's correlation coefficient r = 0.999 (Fig. 4) . In this case one can use equation (2) to calculate the diameter of opal spheres D = 315 nm. Our previous experiments [14] have shown that the opal sphere diameters obtained from SPM-images and those calculated from Bragg reflectance spectra for opal samples agree with each other within the experimental error. The effective refractive index of n ef f = 1.396 was extracted from the Bragg fit (2) in the case of the thin opal film.
The value of refractive index n ef f can be also estimated using the effective medium approximation:
where f = 0.26 is the volume fraction of air voids in the FCC crystal of touching spheres, n 1 = n air , n 2 = 1.489 is the refractive index of PMMA beads, so we have n ef f = 1.379 in the good agreement with the index extracted from the Bragg fit. In the case of the bulk silica opal, the effective index of refraction, as calculated from the dispersion of the (111) Bragg resonance (eq. (2)) (Fig. 4) , agrees with the ellipsometric data as well. In our bulk silica opals the porosity is f = 0.33, because the silica beads contain pores in their internal structure. Then one can estimate the same value of the effective refractive index from equation (3): n ef f = 1.356.
The spectra of the refractive index n(λ) and the extinction coefficient k(λ) (Fig. 5) of the thin opal film were calculated from the ellipsometric data. To the best of our knowledge, no interpretation of such data can be found in the current literature. We suggest the qualitative model, which takes into account the fact that light in PhC is transported by the Bloch modes. As per se, the state of linear polarization of the incident light is not preserved in the opal PhC. Calculations show that the E-vector in the Bloch mode can point in different directions for different points of the unit cell. Moreover, the field orientation rapidly changes along changes of the frequency and the quasi-wavevector of the mode [15] . This consideration makes void the standard interpretation of ellipsometric data, which is designed to homogeneous media.
Tentative explanation of n(λ), k(λ) spectra can be obtained with the help of the energy band structure of the opal PhC calculated using plane wave expansion method [12] . Fig. 6 shows the fragment of this structure in the range of the avoided band crossing that is relevant to experimental data. In contrast to homogeneous media, in which index of refraction is defined by the polarizability of the material, in PhCs this index depends also on the light interaction with the crystal structure, so that both factors affect the mode dispersion. As the result, the group velocity and the mode index are determined by the mode dispersion. Another specific feature of 3-dimensional PhCs is that the incident light excites eigenmodes through their projections on the surface of the Brillouin zone and different eigenmodes can be coupled simultaneously. In such circumstances, the index obtained from ellipsometry data can approach the value obtained from effective medium approximation, if and only if all excited eigenmodes possess linear dispersion with similar mode index. These conditions are nearly fulfilled in the long wavelength part of the studied spectral interval, where n ef f closely approximates n(λ). Accordingly, at the opposite end of the spectral range the steeper dispersion of eigenmodes leads to lower value of n(λ).
The interpretation of the imaginary part is more straightforward. The peak of light losses centered at ∼620 nm corresponds to the range of avoided band crossing, where different eigenmodes are strongly interacted each other. This interaction facilitates the efficient exchange of energy between different modes. As the result of such redistribution the light energy in the zero diffraction order is reduced. In turn, such reduction is counted by ellipsometric parameters as the increased magnitude of losses and produces a band in k(λ) spectra. Owing to the multidirectional E-field distribution in Bloch modes such energy transfer becomes the angle-independent property.
Conclusion
We have shown that the ellipsometry provides complementary information to the data obtained by conventional optical characterization of opal crystals. This high-sensitive experimental technique makes it possible to discover some additional features in the wavelength-and angle-dependent optical response of these materials, especially at large angles of light incidence, near the Brewster angle θ B (tan θ B = n ef f ) where the difference between s-and p-polarized electromagnetic waves becomes pronounced. The added value of the ellipsometry is that it can determine the effective index of refraction n ef f without assuming any material parameters [7] . As it was shown in Section 3, the obtained index value corroborates the estimates based on the angular dispersion of Bragg resonance or on the effective medium approximation in the spectral range of the linear dispersion of opal eigenmodes.
The unique observation provided by ellipsometry is the detection of the energy exchange between PhC eigenmodes in the range of avoided band crossing, which appears in linear transmission and reflectance spectra as the doubling of the diffraction resonance.
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